Extended depth of focus (EDOF) lenses are important for various applications in computational imaging and microscopy. In addition to enabling novel functionalities, EDOF lenses can alleviate the need for stringent alignment requirements for imaging systems. Existing EDOF lenses, however, are often inefficient or produce an asymmetric point spread function (PSF) that blurs images. Inverse design of nanophotonics, including metasurfaces, has generated strong interest in recent years owing to its potential for generating exotic and innovative optical elements, which are generally difficult to model intuitively. Using adjoint optimization-based inverse electromagnetic design, in this paper, we designed a cylindrical metasurface lens operating at ~ 625nm with a depth of focus exceeding that of an ordinary lens. We validated our design by nanofabrication and optical characterization of silicon nitride metasurface lenses (with lateral dimension of 66.66 ) with three different focal lengths (66.66 , 100 , 133.33 ). The focusing efficiencies of the fabricated extended depth of focus metasurface lenses are similar to those of traditional metalenses.
Introduction
Sub-wavelength diffractive optics, also known as metasurfaces, have generated strong interest in recent years due to their ultrathin nature and extensive capabilities for manipulating optical wavefronts 1, 2 . By virtue of a large number of scatterers, each capable of shaping the phase, amplitude, or polarization of light, metasurfaces can create ultra-compact optical elements, including lenses [3] [4] [5] , polarization optics 6 , axicons 7 , holograms 8, 9 and freeform optics 10 . While metasurfaces provide an extremely large number of degrees of freedom to design complex optical functions, our intuition often fails to harness all these degrees of freedom. One promising solution is to employ computational techniques to design metasurfaces, where the design process starts from the desired functionality, and the scatterers are designed based on a specified figure of merit.
Such design methodologies, often referred to as inverse design, have been employed to design high efficiency periodic gratings 11 , monochromatic lenses 12, 13 , PSF-engineered optics 14 and achromatic lenses [15] [16] [17] . Till date, however, there are limited experimental demonstrations of inverse-designed aperiodic metasurfaces exhibiting superior performance to optics designed by traditional methods. For example, recently demonstrated inverse-designed cylindrical lenses exhibit high efficiency 18 , though the efficiency is not higher than that of a traditional refractive lens. Extended depth of focus (EDOF) lenses represent an important class of optical elements, with significant utility in microscopy 19 and computational imaging 20 . This class of lenses differs from an ordinary lens, as the point spread function (PSF) of the lens remains the same over an extended distance along the optical axis. EDOF lenses not only enable novel functionalities, such as bringing objects at different distances away from the lens into focus but also alleviate the stringent requirements on aligning lenses on top of a sensor. While for an ordinary lens the gap between the lens and the sensor plane needs to be very close to the focal length, with EDOF lenses, the gap can vary to a degree without sacrificing the performance of the imaging system. In recent years, metasurfaces have been employed to implement two-dimensional EDOF lenses 21, 22 . Existing EDOF lenses, however, have several problems. One of the most prevalent classes of EDOF lenses is created via a cubic phase mask positioned at the exit pupil 19 . Such an approach generates an Airy beam, which propagates through free space without significant distortion. The resulting PSF, however, does not resemble a point, and images captured with this element are therefore blurry.
Computational reconstruction is required to undo the distortion. Another option could be to use a log-asphere lens or other variants 23 . For these lenses, however, different parts of the of the lens focus at different depths, significantly limiting the focusing efficiency. In one dimension, several works theoretically explored cylindrical EDOF lenses [24] [25] [26] [27] , although to the best of our knowledge no experimental demonstration has previously been reported.
In this paper, we design and fabricate an EDOF cylindrical metasurface lens (metalens) using an inverse electromagnetic design methodology. Unlike existing implementations of diffractive or refractive EDOF lenses, the reported metalens creates a lens-like PSF, without introducing significant blur like many other EDOF lenses. We designed the EDOF lens to have three times the depth of focus of an ordinary metalens. The design is validated by fabrication and optical characterization. We found reasonable agreement between the simulated and experimental results in terms of the focusing efficiency and the FWHM of the focal spots. The depth of focus of the inverse designed metalens is extended by a factor of ~1.5 − 2 over that of the traditional metalens.
We also did not observe any degradation of the efficiency in the designed EDOF lenses.
Inverse design and validation
The depth of focus Δ of an ordinary lens with diameter and focal length , for optical wavelength is given by
We aim to demonstrate an EDOF metalens with a depth of focus of three times this value. We specify our figure of merit (FOM) as the intensity at eight linearly spaced points along the optical axis which cover an interval of length 3 × ∆ and that are centered around the focal length. We use max-min multi-objective optimization 28 to maximize the intensity uniformly on the segment.
We optimize the EDOF lens FOM by adjusting the widths of 150 nano-stripes positioned at the center of each lattice cell. The material of the metasurface is assumed to be silicon nitride (n~2).
The lattice periodicity and thickness of the metasurface are kept constant at 443 nm and 600 nm, respectively. To ensure the fabricability of the designed metasurface, we constrain the minimum width of the stripes to 100 nm. Lenses with three different focal lengths i.e., to reduce the sidebands in the focal length we ran the inverse design with different initial conditions, which resulted in several different geometries. We then chose the design with the least power in the sidebands.
Experimental Demonstration
To validate our metasurface design, we fabricated the cylindrical metalenses in silicon nitride. A 600-nm-thick layer of silicon nitride was first deposited on a 500-um-thick fused-silica substrate using plasma-enhanced chemical vapor deposition (PECVD). The sample was then spin-coated with electron-beam resist (ZEP-520A) and then the metalens' patterns were exposed via electron- μm, 1.7 μm, 2.32 μm, respectively. In Fig. 3 we plot the cross-sections of the focal plane of the EDOF and traditional metalens to compare the PSFs. Clearly the PSF for both lenses look similar, although the FWHM is slightly larger for the EDOF metalenses.
By plotting the FWHM as a function of the distance along the optical axis, we estimated the focal length of the metalenses (Figs. 4A-C). We then estimated the focusing efficiency of the lenses along the optical axes. We define the focusing efficiency as the power within a circle with a radius of three times the FWHM at the focal plane to the total power incident upon the metalens 3, 5 . The FWHM at the focal plane is calculated as the minimum FWHM from the Figs. 4A-C. We plot the focusing efficiency of the metalenses along the optical axis (Figs. 4D-F). We expect the focusing efficiency to remain the same along the depth of the focus, and then drop off as we longitudinally move away from the depth of focus. Clearly, for the EDOF metalens, the efficiency remains high over a longer depth as expected. Table-I summarizes the performance of all the metalenses, in terms of FWHM, focal length, efficiency, and depth of focus. We find a reasonable agreement between the simulation and experimental results. Additionally, we clearly observed an extended depth of focus in the inverse-designed metasurfaces compared to the ordinary metalenses. We note that, in simulation we sample along the optical axes more finely compared to the experiment, which determines a larger error bar in experimentally measured depth of focus. We also observe no significant efficiency degradation between the ordinary metalenses and the EDOF metalenses.
Discussion
We demonstrated inverse designed EDOF cylindrical metalenses for the first-time. While several theoretical designs exist for cylindrical EDOF lenses [24] [25] [26] [27] , to the best of our knowledge no experimentally demonstrated EDOF cylindrical lenses have been reported before. While we extended the depth by a factor of ~2-3, the depth of focus can be further extended albeit at the cost of reduced efficiency. In this work, we focused on 1D cylindrical lenses for the simplicity of design, and the next step will be to extend this concept to 2D lenses and demonstrate imaging over a broader optical bandwidth than what is possible using a traditional metalens. Going beyond an extended depth of focus, the inverse design techniques can be used to engineer the PSF for other functionalities with potentially far-reaching impacts in computational imaging and microscopy. 
